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(54) An apparmus and method for the determination of substances in solution, suspension or 
emulsion by differential pH measurement ^ 

(57) An apparatus and method to measure the con- 
centration of certain chemical substances in clear, tur- 
bid or colored solutions, suspensions or emulsions by 
two micro pH electrodes connected in series with micro- 
bore tubing. 

Sampling is made by a microdialysis fiber or by dilu- 
tion in a mixing chamber with specifically formulated 
buffer systems. The reaction of interest can be started 
by chemically immobilized or physical confined rea- 
gents in a reactor tubing interposed between the two pH 
electrodes, a by standard mixing techniques. 

The concentration of an analyte is calculated from 
the formula: 

[Analyte] - FCAL x (DettapH 1 - DeftapH 0 ) 

where FCAL is a calibration factor experimentally deter- 
mined and DeltapHo, DeltapH! , are the difference in pH 
before and after a given chemical reaction producing or 
absorbing protons has occurred. Substances like glu- 
cose, fructose, sucrose, lactate, ascorbate. citrate, ace- 
tate, malate, COg, bicarbonate, creatinine, urea. 
trigliceride6, proteins, enzymes (lypases, proteases, 
cholinesterases, Glucose-6-Phosphate -dehydroge- 
nase (G6PD), alkaline phosphatase, urease and others) 
or enzyme inhibiting substances such as antibiotics and 
organophosphorous pesticides can be rapidly detected 
in body fluids, hemodialysis ultrafiltrate, milk, beverages 
(wine, beer, vegetable juices), surface and waste 
waters, cell suspensions and the like. 
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Description 



Background of trie Invention 



Differential pH analyzers (Luzzana M.. Perrella M., Rossi-Bernardi L Anal. Biochem. 1971 43 556-563 U S Patent 
fi 5 !^ 867 and EP K718) have 1)66,1 exlensive, y ^ * measure the concentration of chemicals in various fluids 
indeed more than 45 papers describing the apparatus and related methods of analysis have appeared in the interna- 
tional literature in the last twenty years. ™ 

The essential features of a differential pH analyzer have been described in detail in the original paper and in the 
patents crttd. The apparatus, using appropriately formulated reagents, has been used to determine a variety of sub- 
stances (such as glucose, urea, creatinine, ethanol. lactate, acetate, ATP, fructose, magnesium) and the activity of sev- 
eral enzymes (i.e., cholinesterase, glucose-6-phosphate dehydrogenase, pyruvate kinase) in the absence or in the 
presence of inhibitors. 

It should be noted that the key analytical equation used in differential pH measurements to calculate AfH*l (i e the 
number of hydrogen ions, in moles per liter, liberated or absorbed in a chemical reaction involving the analyte to be 
determined) is given, under appropriate experimental conditions, by: 



A[H + ]-p(pH (1) -pH (0) )-pApH 



(1) 



where p is the soiled "buffer value". i.e.. A[B + J/ApH of the solution at any given pH and pH, 0 , pH m are the pH val- 
to^o^l ^ aft6f ** chemicaJ reaction <* irte «*t ^ occurred. In this cortext! P H * equal to - 

It has been ^hown in the cited literature that eq. (1) can be used to determine A[H*] from the known values of pH m 
pH (0) and p. ft should be noted that according to (1 ), the number of hydrogen ions produced or absorbed in a given reac- 
tion^ wh,ch,sd,rectiy correlated, through a known chemical reaction, to the amount of analyte present in solution, is pro- 
portional to the difference in pH and not to the absolute value of this parameter. In actual practice, the concentration of 
the substance of interest is obtained by the device described in U.S. Patent 4.353.867 by the slightly more complicated 



[substance] - FCAL(ApH c -ApH b -ApH ,) - FCAL ApH (2 ) 

where FCAL represents a calibration factor which is a combination of p and a dilution factor of the sample under anal- 
ysis. ApH e represents the total change of pH in solution after a reaction has occurred. ApH), is the ApH value of the solu- 
tion after fte addition of the reagent(6). but without the sample, and ApH. is the ApH value indicative of the level of noise 
and drift of the machine components during the observation time. Since FCAL, ApH^ ApH, can be determined in sep- 
arate experiments and by the use of a suitable standard, eq. (2) allows the determination of the concentration of the 
substance of interest from the calculated value of ApH. 

It should also be stressed that to avoid in current practice measuring p (the buffer value of the solution after the 
addition of each sample), such a buffer value has to be much higher (50-100 times higher than that of the sample) so 
that any change in p is made practically negligible after such an addition. This, in turn, leads to the necessity of meas- 
uring the ApH occurring in a given chemical reaction with an experimental reproducibility of 0.0001 pH units, at least 
twenty times greater than in the current practice of measuring pH with the already available instrumentation 

The configuration of the apparatus as described in U.S. Patent 4.353.867. and therein shown in Figs. 1-5. and par- 
ticularly the simultaneous measurement of the pH difference between two glass pH electrodes respectively filled wrtha 
buffer plus sample and buffer plus sample plus a specific reagent(s) to initiate a chemical reaction (typically a small vol- 
ume of an enzyme) was specially intended to increase the sensitivity and reproducibility of pH measurements. In fact 
by use of the previously disclosed apparatus and related methods, it has been possible: 

a) to zero any unspecif ic pH drift which may occur (thereby obscuring the measurement of ApH) when a biological 
sample (whole blood, urine, cell suspension and similar solutions or suspensions) is mixed into a buffer of different 
pH; 

b) to minimize the effect on ApH by a change in temperature; 

c) to practically zero the difference in junction potential that occurs when a traditionally pH ceH made by a glass pH 
electrode and a reference electrode are immersed respectively into a solution having a standard composition and 
pH and into a solution having a chemical composition and pH different from the standard. 

The practical use of the previously patented apparatus in a variety of analytical problems, although confirming its 
wide applicability, accuracy and precision, has made clear some of its limitations: the instrument has a weight of no less 
than 5 kg. it has to be maintained by a trained operator, it requires up to 2-3 ml of reagents for a single determination 
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especially to assure the complete removal from the electrodes of contamination from the previous cycle of analysis 
and. fmally. rt requ.res the manual introduction of a predse volume of sample, an cperaiionSmX critSS 

of an industrel process or chemical parameters of biological and dinical interest in vivo (e.g.. urea, aeaZTSS 
pe'SSTe?) " " ^ <* ° lucose in subcutaneous luis duTng iSSTor gSS 
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Description off the Invention 

It has now been found that by means of a substantially different arrangement of the apparatus design and princclee 
of operation, the aforementioned problems have been overcome. ^ principles 

The invention shall be illustrated in detail also by means of Figures and exarrcles. 
In the Figures: 

2^Z~Z22Z£S£? " *" ,n *• " *** 

Figure 2 shows a first embodiment of the hydraulic circun of the apparatus- 
Figure 3 shows a second embodiment of the hydraulic circuit of the apparatus- 
Figure 4 shows a calibration curve for the determination of bicarbonate in an unknown solution- 
Figure 5 shows a corrtinous bicarbonate deterrrtnatico in the effluent of an extracorporeal dialysis machine. 

The apparatus according to the present invention (hereinafter named analyzer) substantially comprises: 

- first means to transfer a suitable buffered solution, 

- second means to transfer a sample liquid containing a substance to be determined, 
said first means bringing said buffer in contact with said substance to be determined to give a buffered sample liquid, 

- third means to deliver a liquid containing a reactart; 

' !i 6a !? X1 Chambef wherein «mple "0"* and said liquid containing a reactant come into contact 

whereby a reaction mixture is formed, causing a pH change in solution; 

- a first and a second microcapiilary pH electrodes; 

means to regulate the temperature of said first arid said second pH electrodes- 
» ' I^JT^ f6aCtion mbcture to first pH electrode, said means comprising means to bring the 

flZdCe^ai r8aCt,0n to *• SamS tempera!ure o» said first pH elecfrode, ari being S Zr! 

- fifth means to deliver said reaction mixture to said second pH electrode; 

' e L^L me !C S J° r nrocessinfi measurements made by said first and second pH electrodes and producing a 
visual display of the concentration of said substance to be determined. ^proouonga 

40 

According to the configuration of the hydraulic circuit the reaction chamber may be placed either before the first oH 
electrode or between the first and second pH electrode P 

ni , ' n .^*° r ^ on . charnber is P |aced between the pH electrodes, the chamber may consist of a tubing of ade- 

« Ll l I T^H COnte,nr,q 8 T"* Teaam ' ** examp,e ™ ""V™ « a that will react wfth to MM 

45 sample solution thus causing a change of pH. 

Inthe other case, in which the reaction chamber is placed before the first pH electrode, said chamber shall be con- 
fi^eleSSe 3 "** * ***** *° ^ ^ to ^ *e reaction mixture toTe 

„ ^™ to trai^ and delrver liquids are well know^ 

so the most appropriate manner. Examples of said means are pumps, such as rrricrop^istartic pumps. 

A sample liquid may be delivered with suitable sampling devices either in corrtinous or batch mode. In case of het- 
SZS *** 38 W SUSP6nSi0nS - 818 pfe6ert ™«*<" P«"« in a preferred embodiment a 

„ ^T^T^ aCC8SSOry *** 36 fl °" plating devices, means to minimize stag- 

55 nartt layers of liquid along the walls of the fluidic connections. ^ 

Different configurations of the analyzer of the present invention may be made. 
In a first configuration, the analyzer comprises: 

a block made of metal or another heat-conducting material in which two micro pH glass electrodes are located, said 
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two electrodes being connected together, in parallel, by a piece of small diameter tubing of various lengths which 
may contain an immobilized enzyme(s) or another suitable chemical to cause the chemical reactions) of interest; 

- said thermal block and the liquid flowing into the two pH electrodes being connected to a common ground whereas 
the two electrode outlets are connected to a differential amplifier circuit associated with a measuring device 

- a heat conducting tubing, connected to electrical ground, inserted in the hydraulic circuit, between the sanple and 
first measuring electrode so to heath a sample solution to electrode temperature; 

- a buffer whose known composition can be varied to ensure the occurrence of achemical reaction in conjunction 
with a chemical substance, for example an enzyme immobilized or confined in the tubing connecting the two dH 
electrodes; w p 

- electronic means to convert pH electrode potentials into pH values, to program the functioning of the apparatus and 
to calculate, print or store, according to a known stoichiometry and related equations, the concentration of the sub- 
stance(s) of interest ; 

- microperistaltic pump(s) or other suitable device(s) to move, in a series of microbore tubings and through the two 
measuring pH electrodes, the solution under analysis; 

- a microdialysis tubing to sample, by diffusion through a dialysis merrfcrane. a definite amount of the substance to 
be determinec' ontained at a known concentration in an outside liquid or in an unknown concentration in a sanple 
to be analyzed. Preferably, the analyzer also conprise6: 

- mechanical means to change in an oscillatory mode the flow rate of the liquid in the measuring pH capillary elec- 
trodes, inside the microdialysis probe and in the tubing connecting the various parts of the apparatus so to renew 
the stagnant layer of liquid around the inner walls of the circuit 

In a second configuration, the analyzer, having a similar thermal block and two micro pH glass electrodes con- 
nected by a tubing of variable length to provide a time difference between the solution continuously flowing through first 
electrode and the same solution flowing through second electrode, corrprises: 

- two microperistaltic pumps, the first pump delivering to a mixing chamber a buffer of known suitable conposrtion 
or the same buffer containing a standard concentration of the substance to be determined, or a solution containing 
an unknown concentration of the substance to be determined and the second punp delivering to a mixing chanter 
a buffer containing a chemical substance(s) such as an enzyme(s) to start the chemical reaction; 

a mixing chamber to effectively mix two fluids, which are continuously delivered to said mixing chanter by the two 
peristaltic pumps; 

- mechanical means to oscillate the tubing coming from the mixing chamber in order to minimize the stagnant layer 
of liquid on the inner wall of the hydraulic circuit and of the two measuring pH electrodes; 

" a smaJI diameter tubing to deliver the mixed fluid into the two capillary electrodes, arranged in series and connected 
together through a delay tubing. 



Detailed description of the invention 



Fig. 1 shows the measuring and electronic control parts of the analyzer object of the present invention. 1 is a ther- 
mal block made of a material with large heat-transferring capacity, where two microcapillary pH electrodes, 2 and 3, are 
located. The electrodes have an inner volume of about 4 microliters. 4 is an optionally removable block which holds a 
capillary tubing, 5, which can be made of various materials, such as Teflon, polyether ether ketone (peek), glass and 
others with a typical inner diameter of 05-0.4 mm and variable total length (50-? X) mm, as needed). The capillary tub- 
ing may contain, immobilized on ~all or confined therein, according to the well-known art (Schmid R.D. (Ed.). Row 
injection analysis (FIA) based on enzymes or antibodies. GBF Monographs, vol. 14. WCH, Weinheim. 1991), an 
enzyme or a chemical substance able to initiate a given chemical reaction. Block 4 can be easily interchanged manually 
with another similar block holding capillary tubing with a different enzyme or a suitable chemical immobilized therein. 
The two electrode inlets 6 and 7 are symmetrically positioned with respect to the outlets 6' and 7 of the ctpillary tubing. 
When block 4 is pushed into block 1 , inlets 6 and 7 form a leak-tight connection with 6* and 7. 8 is a printed electronic 
circuit board designed and built according to known principles to operate the apparatus according to a program. 9 is a 
heat-dissipating device which in the assembled apparatus is attached to block 1, to regulate its tenperature. 10 is a 
temperature sensory device also to be attached to block 1 . 1 1 is the nuts which hold blocks 1 and 8 together. 12 is a 
protection shield for the glass electrode terminals. It is essential that the temperature of the solution flowing from the 
sample into the first measuring electrode be brought to the same temperature of said electrode. This is acconplished 
by flowing solution through a piece of metal capillary tubing of suitable length (not shown in Fig. 1 or 2) in thermal con- 
tact with the thermal block. This capillary is also used for grounding the solution. 

Fig. 2 shows a preferred, but not exclusive configuration of the hydraulic circuit which is responsible for delivering 
to the two pH electrodes a suitable solution. 13 is a container to hold such a solution, usually consisting of an aqueous 
buffer solution of a suitable composition. The solution from 1 3 is moved through the various parts of the hydraulic circuit. 
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connected together by 0.2-0.4 mm inner diameter capillary tubing, 14, made of Teflon, silicone, peek and the like by the 
action of a microperistaltic pump, 15. 16 is an electrical pinch valve arrangement which induces in the capillary tubing 
rapid cycles of pressure changes to "instantaneously" change the flow rate of liquid flowing into the capillary tubing and 
through the various parts of the apparatus. The action of this device is to minimize the formation of a stagnant layer of 

5 liquid on the walls of the various components of the circuit 1 7 is a microdialysis probe holding a microdialysis f ber, 18 
(obtained from Hospal-Dasko, Modena, Italy), connected in series with tubing 14. 19 is a micromotor holding and rotat- 
ing an eccentric part 20, which vibrates the microdialysis probe into the liquid contained in 21. The solution contained 
in 21 may be a standard containing a known concentration of the substance whose concentration has to be determined 
or an unknown. 22 is the inlet to the first electrode, 2 (described in Rg. 1), leading to loop 5 and then to electrode 3 and 

w from there to a waste container, 23. 24 is a schematic representation of a differential pH amplifier which is a corrponent 
of the printed circuit board 8 (Fig. 1), to which the electrical output of pH electrodes 2 and 3 are connected. 25 is a 
device suitable to monitor the differential electrical output of the two electrodes and calculate according to a known for- 
mula the concentration of the substance of interest The microdialysis probe 17 can be arranged according to several 
alternative configurations, according to the art already known to people working in the microdialysis field. For instance, 

is the microdialysis fiber can be surrounded by a smalWiameter tubing into which a fluid containing a diffusible substance! 
whose concentration has to be determined, is continuously circulated. Such a fluid may be blood or an electrolyte solu- 
tion coming from an extracorporeal dialysis machine, a cell suspension coming from a fermentation vessel, or other 
solutions or suspensions. 

Fig. 3 shows an alternative configuration of the instrument disclosed in Fig. 2. 27 is a suitable reservoir containing 
20 the substance whose concentration has to be determined. It is intended that such a solution may be contained in the 
reservoir or may be continuously sampled or fed into the capillary tubing 28. 29 and 30 are two microperistaltic purrps 
similar to pump 15 (Rg. 2). Pump 30 samples a suitable liquid from 31 or other containers or outlets. 32 is a mixing 
chamber containing a small magnet which is moved by micromotor 33, holding a magnet so that a mixing action is mag- 
netically induced into 32. The content of capillary tubing 28 can rapidly be oscillated by adding a pinch valve such as 
25 1 6 (Rg. 2) (not shown in Rg. 3). having on the stagnant layer of liquid along the walls of the various parts of the appa- 
ratus a similar effect as previously described. All other parts represented in Rg. 3 have similar meaning as explained 
in Rg. 2. 

Principles of operation of the new apparatus 

30 

The operation of the apparatus will be described with reference to Rgs. 1 and 2. The dialysis probe, La. a small 
length of dialysis tubing made of a semi-permeable membrane through which chemical substances of a suitable molec- 
ular weight can diffuse, is first immersed into a standard solution, where the substance to be measured, T, is contained 
at a known concentration, i.e., moles/liter, [T] The microperistaltic pump 15 continuously circulates a buffer contained 

35 in 13 (Rg. 1) through the hydraulic circuit shown in Rg. 1 at a rate determined by the microperistaltic purrp 15, which 
is regulated through the action of the electronic part of the apparatus. The composition of the buffer is made to contain 
all the chemical components necessary to react with the substance to be determined, except for a final reagents) which 
is chemically or physically confined to the inner wall of tubing 5. The substance, which as said has a known concentra- 
tion n, diffuses from the liquid contained in 21 into the solution flowing through the dialysis probe, and the mixture is 

40 carried to inlet 2 of the first capillary pH electrode and from there into tubing 5 and capillary electrode 3. Upon continu- 
ously flowing (and, if necessary, after being stopped in 5 for a def mite period of time) through tubing 5. which contains 
a given chemical (e.g. an enzyme) immobilized in its wall, a known reaction occurs, liberating or absorbing a certain 
amount of hydrogen ions. Upon reaction with the components of the solution, a change in [H+] concentration will occur 
in 5. Such a change will be monitored by the second electrode 3. The two different values of [H+], before (electrode 2) 

45 and after (electrode 3) a given reaction has occurs, are recorded as a difference in the electrical potential between 
the two electrodes by the electronic measuring system 24 and 25. A value of ApH*ApH T arising from the two pH elec- 
trodes is calculated according to a well-known previous art of electrical measurements. 

The operation is repeated by transferring probe 18 (Rg. 1) from T to S, which is another solution containing the 
same substance at an unknown concentration, all other conditions of the operation being the same as before. In this 

so case, a new value of ApH«ApH s will be recorded. Under appropriate experimental conditions, it can be shown that: 

[S]-mxApH 8 /ApH T (3) 

Since (Tj is known and ApH s and ApH T are measured, [S] can be obtained by simple calculations. Such cateula- 
55 tions are made according to standard programs by the electronic components of the apparatus and can be visualized, 
printed or stored in the memory of the electronic circuit 

It should be made clear that to obtain meaningful results rt is not essential that the diffusion process in the micro- 
dialysis tubing and the chemical reaction occurring in 5 reach final equilibrium. In fact according to the well-known pre- 
vious art of continuous flow analysis, proper functioning of the analytical system requires only the attainment of a steady 
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state value for the physical and chemical processes involved. 

A second preferred, but not exclusive, arrangement of the electrodes and the fluid circuit (which is necessary to 
deliver to the two capillary pH electrodes respectively a standard or a sample solution) is shown in Rg. 3. In this con- 
figuration, two peristaltic pump6 (instead of one, as shown in Fig. 1) deliver to mixing chamber 32 through two capillary 
ttfces the solutions respectively contained in 27 and 31. 27 may contain a solution of a given corrposition (buffer), a 
buffer plus a substance in a known concentration [T], or a buffer plus the same substance in an unknown concentration. 
31 may contain a chemical substance (for example, an enzyme) dissolved in a buffer mixture of a given chemical com- 
position. To ensure a better mixing, the mixing chamber 32 contains a small magnet magnetically coupled to another 
magnet rotated by micromotor 33. Upon mixing in 32, a known reaction between the chemical components of the solu- 
tions coming from reservoir 27 and 31 begins. The solution continuously flows from 32 into the first and second pH elec- 
trodes through tubing 5, which, in a particular case, may simply act as a delay circuit to allow the measurement of pH 
by the two pH electrodes at different times from the beginning of the reaction in 32. In short, in this configuration the first 
electrode 2 "sees" the chemical reaction under study at time 1 from its start, whereas the second electrode 3 "sees" the 
same reaction after a delay time AT, which is determined by the volume of the delay loop 5 and the flow rate of ligand 
into the system. By an appropriate choice of such a flow rate and of the concentration of reactants, the ratio ApH/At-R 
can be suitable chosen and measured. This ratio, when determined under appropriate experimental conditions, for the 
case respectively of a standard or of a sample containing the substance whose concentration has to be determined, 
allows the calculation of the unknown concentration of S, [S], according to 

fS]«rnR 8 ' R T (4) 

Since R s (« ApH S /At) and R T («ApH T / At) , respectively for a standard or an unknown sample, are measured end 
[T] is known, the concentration [S] can be obtained through (4). A mixing arrangement as shown in Rg. 1, 16, can be 
added to the apparatus to minimize the presence of stagnant layers of liquid in tubing 5 and in the measuring pH elec- 
trodes. This second, alternative version of the apparatus object of the present invention is particularly useful for the 
determination of an enzymatic activity or for the determination of an unknown analyte using a kinetic approach, accord- 
ing to the previously known art of kinetic analysts (Henry R J. Clinical Chemistry: Principles and Technics. Hoeber med- 
ical, Division of Harper and Row, 1966.). 

Application of the apparatus for determination of the concentration of chemical substances 

The apparatus described in the present application may be applied to a variety of analytical problems. In feet a 
large number of chemical reactions occurs with the absorption or liberation of hydrogen ions. 

The apparatus in its several posstole versions, of which only two have been herein described in detail, is best used 
for the determination of substances dissolved in heterogeneous solutions or suspensions, i.e., in turbid or heavily 
colored samples such as whole blood, urine, milk, wine, which are not amenable for their nature to analysis by other 
standard methods such as colon metry and fluorometry. Another preferred use of the new instrument is in the continu- 
ous determination of substances in a variety of experimental conditions such as in the monitoring of effluents from an 
analytical or industrial process or of biological fluids in viva 

To demonstrate the practical utility of the new invention, the results of two typical experiments on the determination 
of urea in milk and of bicarbonate in the ultraf ittrate from an extracorporeal dialysis machine are reported 

Exaroplft 1 

Four cow milk samples containing urea in the concentration range of 20-50 mg/dL were analyzed by the method 
accepted by the French Association for Normalization (AFNOR NF V04-217). The method involves precipitation of the 
proteins of milk, transformation of urea into ammonia by urease, and determination of ammonia produced in this reac- 
tion by the use of the enzyme glutamate dehydrogenase and NADH, whereby NADH is oxidized to NAD* and the 
change in absorbance is measured at 340 nm by a spectrophotometer. The concentration of urea in the same samples 
of whole milk was also measured without any previous treatment of the sample by the apparatus according to the 
present invention shown in Rg. 1. In this case, the composition of the buffer contained in 13 (Rg. 1) was phosphate, at 
a total concentration of 40 mM/l, KQ at 100 mWl, MgCfe at 5 mMA NaN3 at 1 g/l. and detergent at 30 g/l, pH 7.3. The 
microdialysis fiber was AN69 by Hospal-Dasto. made of polyacrytonitrile. 0.22 mm ID, 0.32 mm OD, 50 mm total length. 
The reactor tubing 5 (Rg. 1 ) was 100 mm long, 0.3 mm ID, and loaded with 20 U of urease. The buffer flow rate in the 
hydraulic circuit was 400 jittnin. 

The measurements with the apparatus shown in Rg. 1 have been performed as follows: a) the dialysis probe is 
immersed in a standard aqueous solution (i.e., urea at a concentration of 20 mM/l) and a first reading of ApH (ApH-f) is 
obtained after 40 sec; b) the dialysis probe is immersed in an aqueous solution as in a) but without urea for 40 sec and 
a zero ApH reading is taken (Aphy; c) the dialysis probe is immersed in the whole milk sample for 40 sec and a third 
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ApH (ApHj) is obtained. 

[S], the urea concentration of the whole milk sample, is calculated according to 

[SMTMApH 3-ApH 2 y(ApH , -ApH 2 )-mxApH ,/ApH T (5) 

ApH2 is a small calbration factor, usually constant with time, and is indicative of the level of noise and drift of the 
machine components during the observation. 

The results of urea concentration determinations by the two different methods are as follows: 



Urea concentration (in mg/dl) by the two methods 


Sample 


AFNOR method (1) 


New apparatus (2) 


A(1-2) 


1 


21.2 


21.4 


-0.2 


2 


28.0 


26.9 


+1.1 


3 


37.5 


37.0 


+0.5 


4 


48.5 


49.6 


-1.1 



The reported differences between the two methods, of the order of 2%, are well within the accepted experimental 
error of determination by the standard AFNOR method. 

It should be noted that the determination of urea concentration in whole milk by the new apparatus is much taster, 
does not require precise chemical manipulation of the sample such as pipetting, precipitation, centrifugation or other 
operations that usually require a laboratory environment and as such can be used by a relatively unskilled operator in 
field operations. It also requires a smaller volume of expensive reagents and, finally, requires a minimum time conpared 
to that of the standard method of analysis. 

Example 2 

The results of a second test of the performance and usefulness of the apparatus herein described in Rg. 2 were as 
follows. Four different solutions containing bicarbonate at 0, 20, 30 and 40 mM/l were sarrpied from 31 by the micro- 
peristaltic pump 30 and mixed in the mixing chamber 32 with a buffer solution delivered by microperistaltic punp 15 
having the following composition: 20 mM phosphate, 100 mM KCI, 1 g/l NaNg, 1 gA detergent 5 mM MgCfe, 10 mg/l 
acetazolamide. pH 6.4. The flow rate from 1 5 into the mixing chamber was 60 nl/rnin, and flow rate from 30 into the mix- 
ing chamber was 1 20 \iUrein. The reactor delay loop 1 5 had a volume of 30 corresponding to a 1 0-sec4eJay interval 
between electrode 2 and electrode 3 when the total flow in the measuring circuit was 180 jil/min. 

Upon mixing of the two solutions in 32, the reaction 

W + HCCY <-> H2CQ3 <-> C02 + HgO 

will proceed to equilibrium from the left to the right with the simultaneous absorption of hydrogen ions (and increase in 
pH). By plotting the change in pH, ApH, measured in the differential pH cell versus the standard bicarbonate concen- 
tration, the linear relationship of Fig. 4 was obtained and used as a calbration for the determination of bicarbonate in 
an unknown solution. Rg. 5 shows an actual continuous bicarbonate determination in the effluent of an extracorporeal 
dialysis machine over a period of 3 hr. The points shown on the same graph represent bicarbonate concentration in 
samples obtained from the same solution, as individually sampled and analyzed according to the known art of meas- 
urement by a standard method. The correspondence between the two methods of analysis was found to be within ±3% 
of the actual value, as measured by the aforementioned standard method. This range of error is well within the clinical 
significance of the measurement itself. 

The use of a two pH electrode analytical module in the newly disclosed configuration and mode of operation 
requires a careful consideration of Wank factors which are of a different nature from those previously described in U S 
Patent 4,353,867. 

In fact any aspecificpH change (not arising from the specific reaction of a substance) with a time span to differently 
affect the measurement of pH respectively by the first and second electrode (which, as may be recalled, are arranged 
in series and will record the pH of the flowing solution at two different times) will introduce an error in the measurement 
of the true ApH of the reaction. 

This case is typically represented by the sample solution containing a different amount of total COg with respect to 
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that contained in the standard solution, a situation which may well occur during the determination of a substance con- 
tained in the plasma of a person (usually containing a total COz of around 25 mM/1) or in other similar cases involvina 
a biological fluid. 

In this circumstance, the sample will contain a certain amount of CO* whereas the standard solution will not In the 
first case, C0 2 will diffuse through the dialysis probe into the buffer solution and the different CO, forms will equilbrate 
with each other to reach a new equilibrium according to the well known reactions: 

C0 2 + H 2 0 <--> H 2 C0 3 <-> H* + HCCV and HCCV <-> CO3- + H* 

This will produce a change in pH which, if occurring to a different extent at the first pH electrode compared with the 
second pH electrode (as explained, the measurement of pH by the two pH electrodes is not simultaneous since the 
electrodes are arranged in parallel) will produce a ApH value which will add to ic subtract from the ApH value produced 
by the reaction under study. 

This blank effect can be easily minimized 1) by making sure that any aspeoiic reaction will reach equilibrium before 
the solution reaches the inlet of the first pH capillary electrode. For instance, for the most common case of the hydra- 
tion^ehydration reaction of CO* by adding to the buffer a roll amount of the enzyme carbonic anhydrase. a powerful 
catalyst of this reacton; 2) by choosing an appropriate buffer value of the solution flowing through the dialysis probe and 
the electrodes so that the effect of diffusion in different amounts of buffering substances of low molecular weight respec- 
tively from the sample and for the standard is made negligible, ff required, such Wank effects, usually negligible canbe 
precisely determined by substituting reaction loop 5 (Fig. 1) with a loop of exactly the same length and volume' without 
an immobilized chemical or enzyme. 

From the previous description of the present invention and its mode of operation, it is apparent that substantial 
advantages over the previously described art can be achieved by the use of the new invention since: 

a) the entire apparatus consisting of a small metal block containing two micro pH electrodes, a reactor or a delay 
line and one (or two) microperistaJtjc pumps has a total weight of about 350 g. with physical dimensions of 10 (I) 
1 5 (h) and 6 (s) cm, it can be powered by a battery with one day total autonomy. II can thus fhd useful fieW use- ' 

b) no precise dispensing of a known volume of a sample or standard solution into a definite volume of a reagent 
solution is required, thus eliminating the manual intervention of an operator: 

c) no precise dispensing of a substance (for instance, an enzyme) to specifically initiate a cherrical reaction is 
required, since such a substance is conveniently chemically immobilized or physically confined in a tube - the reac- 
tor - thus allowing the repeated, continuous determination of the concentration of the unknown substance- 

d) the reactor, whose life of operation may be several days, can be easily interchanged by a simple manual opera- 
tion with another reactor containing another different chemical substance specific for another reaction, thus allow- 
ing the determination of a variety of analytes. The simple operation that is required to change the reactor is also 
useful when the life span of the reactor itself has expired: 

e) adoption of a slightly changed configuration of the microdialysis probe, in which the dialysis tube is surrounded 
by another tubing into which a liquid containing the substance whose concentration is required is continuously flow- 
ing, makes possible the continuous rironitoring of a substarwe in an industrial pw 

ical fluids of a patient or an animal (ag.. glucose or lactate concentration of blood or of subcutaneous fluids urea 
creatinine or bicarbonate concentration of solutions from an extracorporeal dialysis machine during an in vivo dial- 
ysis operation and the Hke; 

f) the cost of the instrument is drastically lower than that of other analytical apparatuses giving similar performance 
in accuracy and precision in the determination of the same substances; 

g) the use of an automatic sampling device coupled with the two micro pH glass capillary electrodes considerably 
reduces the volume of costly reagents (such as NAD. NAD*, ATP), enzymes or the like, which must be used in the 
present art of analytical chemistry, clinical chemistry, and analytical biochemistry; 

h) contamination or poisoning of the electrodes or the reactor surface by proteins'such as enzymes and other high 
molecular weight components, which may be contained in the sample under analysis (which may be Hood, milk, 
wine, urine, fermentation solutions, cell suspension, etc.) is avoided by the adoption of a microdialysis sampling 
membrane, separating standard and sample solutions from the fluid contained in the apparatus. The presence of 
such a membrane also reduces the volume of liquid required to eliminate contamination from a previous analytical 
cycle, saving costly reagents and thus allowing the monitoring of the change in concentration of the substance 
under analysis with a considerable faster response time. Although this invention has been described as having two 
preferred designs and features, ft is capable of further modifications. This application is thus intended to cover any 
variations, uses or adaptations of the invention following the general principles thereof and including such depar- 
tures from the present disclosure as come within known or customary practice in the art to which this invention per- 
tains and as may be applied to the main features of the invention heretofore set forth and fail within the scope of 
this invention or the limits of the claims. 
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1 . An analyser tor the determination of the concentration of a substance in a sample liquid, by means of the measur*. 
ment of a change of pH in said sample liquid after reaction of said substance with a reactor* 
said analyzer comprising: ' 

- first means to transfer a suitable buffered solution, 

- second means to transfer said sample liquid containing said substance to be determined, 
said first means bringing said buffer in contact with said substance to be determined to give a buffered sample Hq- 

- third means to deliver a liquid containing a reactant; 

- a rearion chamber wherein said buffered sample liquid and said liquid containing a reactant come into con- 
tact whereby a reaction mixture is formed, causing a pH change in solution; 

- a first and a second microcapillary pH electrodes; 

- mean: o regulate ttie temperature of said first arid said second pH electrodes- 

- fourth mears to delivers said means comprising means to brino 

s^H^^r*" mMun * *• ^ temperature - -* *• pH — «* - •*» « 

• fifth means to deliver said reaction mixture to said second pH electrode; 

- electronic means for processing pH measurements made by said first and second pH electrodes and produc- 
ing a visual display of the concentration of said substance to be determined. 

25 2 * e^oda* aCCOrdin ° t0 1 ' Wtlere " 1 r8aCtk>n * amber * plaC8d between ,ir * and said second pH 
x 

4. An analyzer according to claims 1-3, wherein said second means comprise a miaodialysis probe. 

5 - ^^afc^S'" 0 10 daim «■ ^erai" «W first means comprise a mfcroperistaltic pump connected with said 

35 

6> IS.Z!^ 1 L 4, ^! in 8 ,toW reflu,atin fl d9vice ^P^ced.in particular between said micro- 
peristaltic pump and said nvcrodialysis probe. 

w 7> analyzer according to dain 4, comprising means to supply said sample liquid into said microdialysis probe. 

8. An analyzer according to claim 1 , wherein said means to regulate the terrperature of said first and second dH elec- 
trodes comprise a thermal block made of material with large heat transferring capacity. 

9. An analyzer according to daim 1. wherein said reaction chamber is ptacxi before said first pH electrode. 

10. An analyser according to claim 9. wherein said first means comprise a microperistaltic pump connected to said 
reactcflctamber. said second means comprise a second microperistaltic purrp connected to said reaction cham- 

!^ ^ ^T^" 8 common connected to said fourth means to deliver said reaction mixture to said 
tirst pH electrode. 

1 1 . An analyzer according to daim 1 0. wherein said common outlet of said reaction chamber and said »st and second 
pH electrodes are connected by tubings of suitable length. 

12. An analyzer according to anyone of the preceding claims comprising at least one flow regulating device. 

13. Ail analyzer according to anyone of the preceding claims comprising means to minimize stagnant layers of liquid 
along the walls of the fluidic connections. 

14. An analyzer according to anyone of the proceeding daims comprising devices for supplying said buffer solution. 
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FIGURE 3 
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FIGUBB 5 
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